This study's aim was to assess the histological and metabolic effects of N-3 polyunsaturated fatty acids (PUFA) versus placebo while adjusting for the impact of age and weight change in NASH patients. (ClinicalTrials.gov: NCT00681408).
INTRODUCTION
The recognition of non-alcoholic steatohepatitis (NASH) parallels an excess of N-6 and deficiency of N-3 polyunsaturated fatty acids (PUFA) in Western diets [1, 2] . Reduction in cardiovascular risk by increased N-3 intake has been acknowledged by the American Heart Association and the US FDA [3] . A relationship between NASH and PUFA metabolism is supported by studies showing an increased dietary ratio of N-6:N-3 and lower intake of PUFA among NASH patients [4] [5] [6] and lipidomic studies that demonstrate lower PUFA and a higher N-6:N-3 ratio in NASH [7] [8] . Additionally, insulin resistance is associated with lower PUFA content in skeletal muscle and a higher N-6:N-3 ratio [9] . Lower hepatic N-3 fatty acid has also been correlated to increased SREBP-1C (sterol receptor element-binding protein-1), increased fatty acid synthase, and diminished PPAR-α (peroxisome proliferatoractivated receptor-α) mRNA, all of which favor lipogenesis over fatty acid oxidation [10] .
Studies of supplemental N-3 in NAFLD patients have included only limited histological and metabolic outcomes [11] . Nine studies (four randomized, placebo-controlled) were analyzed in a meta-analysis [12] that showed a consistent reduction in liver fat by imaging, although confounding effects of weight loss and exercise, which independently affect steatosis [13] , were not systematically accounted for.
The aim of this randomized, double-blind, placebo-controlled study was to assess the effects of N-3 PUFA compared to placebo on liver histology, anthropometric indices, exercise capacity, metabolic parameters, hepatic fat content, and serum markers of hepatocellular injury while adjusting for potential confounding effects of weight loss and activity.
METHODS
Eligible patients were recruited from the University of Virginia hepatology clinics from 2007 through 2010. All underwent evaluation to exclude viral hepatitis and autoimmune and metabolic liver diseases. Entry biopsies (see criteria below) demonstrated steatohepatitis, defined as steatosis with inflammation, hepatocellular ballooning and/or fibrosis [14, 15] . Ethanol consumption was < 30 g/day for males or 20 g/day for females. Subjects diagnosed with cirrhosis or secondary forms of steatohepatitis or treated with thiazolidinediones were excluded.
Patients with a liver biopsy within six months of projected enrollment were eligible for consideration. After excluding patients with cirrhosis and those prescribed thiazolidinediones agents, approximately 90 patient biopsies were reviewed and scored for possible inclusion over the study period. 60 patients were eligible for possible enrollment, and 41 patients agreed to enroll. Reasons to decline participation included concerns regarding intensity of testing including the end of treatment biopsy, travel distance, and visit frequency.
Forty-one subjects were enrolled, and 20 and 21 subjects were randomized to N-3 or placebo using a stratified block 1:1 randomization scheme. An independent biostatistician generated the randomization list which was confidentially forwarded to the Investigational Pharmacy. All staff and subjects were blinded to therapy assignment throughout the study period. One subject was excluded because a remote prior biopsy showing NASH was inadvertently considered as the entry biopsy (the actual entry biopsy showed cirrhosis). Of the remaining 40 subjects, 6 (3 placebo and 3 N-3) dropped out due to relocation (1) and transportation difficulties (5) . Thirty-four subjects completed the study -17 received N-3 supplement (3000 mg/day) and 17 received placebo -and 33 underwent end-of-study biopsy (1 subject was declined due to immune thrombocytopenia).
Active Drug Therapy
Active drug and identical-appearing placebo were provided by Nordic Natural and administered under IND# 75335. The N-3 dose of 3000 mg/day was the FDA's recommended safe dose and is the American Heart Association's upper dose for triglyceride reduction [16] . Each 1000 mg capsule contained 70% total N-3 as triglyceride: 35% eicosapentaenoic acid (EPA), 25% docosahexanoic acid (DHA), 10% other N-3's, and a scant amount of lemon oil. Placebo therapy consisted of identical appearing capsules containing predominantly soybean oil but also small amounts of fish and lemon oils (only 8% N-3) to protect blinding.
Visits, exercise and dietary counseling, and anthropometric measures
Each visit included physical examination, anthropometric measurements, laboratory evaluation, and counseling to maintain an aerobic exercise goal of 150 minutes/week and a hypocaloric diet with 500-1000 calories less than estimated for age-and weight-based basal metabolic rate and fat content less than 30% of the total calories. Cardiopulmonary fitness testing consisted of a graded ergometer exercise protocol with increasing power output to measure peak volume of oxygen consumption (VO2peak). Baseline assessment of physical activity included the Aerobics Center Longitudinal Study Physical Activity Questionnaire calculated as MET hours per week using the Compendium of Physical Activities [17] . A nutritionist performed dietary counseling and administered a food frequency questionnaire (Harvard Service Food Frequency Questionnaire) at the entry and study-end visits to quantify fructose intake, a factor connected to NASH severity [18] .
Histologic assessment
Blinded histological assessment was performed separately by two observers: one hepatopathologist (CL) and one hepatologist (SC), both of whom have previously published on histological aspects of NASH [19, 20] . Biopsy cores were required to have length of ≥ 1.5 cm, width of ≥ 1.5 mm, and at least 11 portal tracts to be deemed adequate for diagnostic evaluation. Mean biopsy length was 1.9 cm (± 0.6 cm). The samples were independently and blindly scored to calculate the NAS (NASH Activity Score, 0-8) using H&E stained slides according to the NASH-CRN grading system and staged for fibrosis (0-4) using trichrome according to the Brunt system [21, 22] . Recognizing that inter-and intra-observer variability in scoring histological activity in NASH is an inherent limitation [23] [24] [25] [26] , the authors used mean scores in the histological analyses to capture a range of activity and reflect common variation in histological interpretation especially relevant to ballooning [20] . To further resolve histological comparisons of steatosis, computer-assisted cell image analysis was used for fat quantification from liver biopsy specimens. Additional analysis of hepatocellular ballooning was performed with keratin-8,18 immunohistochemical staining when additional liver tissue was available for this secondary analysis, where ballooning was defined as loss of staining of the cytoskeleton (i.e. 'K-8,18 empty cells') [20] .
Radiologic assessment
Abdominal MRI was performed at entry and study completion for quantitative assessment of hepatic fat using typical volumetric assessments of visceral and abdominal fat. Hepatic fat was specifically assessed using in-phase/out-of-phase and localized Dixon methodologies [27, 28] .
Biochemical studies and indices of insulin sensitivity
After an overnight 12-hour fast, subjects had serum drawn for AST, ALT, total cholesterol, LDL and HDL cholesterol, and triglycerides. Free fatty acids, insulin, and glucose levels were measured to calculate indices of insulin sensitivity including the QUICKI (quantitative insulin sensitivity check index), HOMA-IR (Homeostatic Model Assessment-Insulin Resistance), and QUICKI-FFA (free fatty acids) [29] . Serum was collected to assess markers of hepatocyte injury, including M30 and M65 keratin fragments and adiponectin. N-6:N-3 red blood cell membrane lipid composition was evaluated due to its link to hepatic lipid composition [30] .
Additional technical details of Methods are included as an online data supplement.
Statistical Analysis
Power analysis and primary analysis-The primary outcome was decrease of at least 2 points in the NAS in the end-of-study as compared to the baseline liver biopsy (without fibrosis progression). The predicted difference in response rate for the primary outcome was estimated to differ by 42% (predicted response rate of 18% in placebo group and 60% in the N-3 group) between the two study populations; thus, using the chi-square statistic method [31] to evaluate the null hypothesis, a sample size of 18 patients per group would be sufficient to achieve 0.80 statistical power with a maximum two-side type I error rate of 0.05.
Data summarization-Categorical data were summarized as frequencies and percentages. Continuous data were summarized by mean, standard deviation, and range.
Secondary Analyses-The relative effects of recommended dietary changes and activity levels with N-3 PUFA versus placebo were examined via univariate and multivariate techniques. For univariate analyses, Student's t-tests and Wilcoxon nonparametric tests were utilized to conduct within-group and between-group comparisons. For multivariate analyses, analysis of covariance (ANCOVA) was utilized to examine the impact of the intervention on the pre-to post-intervention difference in each outcome as influenced by: (a) age, (b) pre-to post-intervention differences in weight and (c) pre-to post-intervention differences in exercise capacity.
For hypothesis testing, a two-sided p≤0.05 decision rule was used as the null hypothesis rejection criterion for all comparisons. For multivariate analyses, the N-3 vs. placebo comparisons were adjusted for concomitant variables associated with outcome at p≤0.10. When interactions met this standard, comparisons between the two interventions were made at the 1st, 2nd, and 3rd quartiles of the concomitant variable measurement distribution. 95% confidence interval construction for the mean pre-to post-intervention difference in each outcome was based on the Student's t-distribution. SAS version 9.2 software (SAS Institute, Cary, NC) was used to conduct all analyses.
The study was approved by the University of Virginia Institutional Review Board for Health Sciences Research.
RESULTS

Cohort characteristics
The mean age of the cohort was 46.8 years ± 11.9 (range: 25-72 years), mean BMI: 32.5 kg/m2 ± 7.3, mean baseline ALT: 66.8 U/L ± 35.7, and mean HOMA-IR: 6.3 ± 4.3 (range: 1.1-22.3). Eleven patients were diabetic at baseline (5 in the N-3 group, 6 in the placebo group). There were few differences in demographic, laboratory, or histological parameters between the two groups ( Table 1) . The interventions were well-tolerated (the main adverse event was nausea which occurred infrequently and similarly between groups). The N-3 group had significantly higher hepatic fat by image morphometry (p=0.05) and higher selfreported daily fructose intake (p=0.01) at baseline. In addition, the N-3 group's overall baseline liver fat by MRI was higher than the placebo group's assessed volumetrically (p=0.08) and by the Dixon method (p=0.07). Histologically, the mean NAS score for the entire cohort was 5.2 ± 0.9, and the mean fibrosis stage was 1.8 ± 0.8, with no significant baseline differences between groups.
Primary analysis
Four of 17 N-3-(24%) and 3 of 17 placebo-treated subjects (18%) had reduction in NAS of 2 points or more without progression of fibrosis (p=0.99); there was no significant difference between the two groups for the primary endpoint after adjustment for weight change, age, and baseline NAS (OR =1.53; 95% CI: [0.27, 9.72], p=0.64). (Figure 1 ).
Secondary Analyses
Univariate and multivariate analyses were conducted to compare the pre-and postintervention differences within and between groups ( Table 2 ). Covariates were identified by ANCOVA testing from independent variables for each dependent variable, and change in weight, age, and the magnitude of baseline value (more extreme baseline value inherently has more opportunity to improve) were all significant covariates. Exercise capacity was not a significant covariate in any analysis and was thus excluded. Weight change, on the other hand, was a significant covariate in nearly all analyses.
Histologic
Overall, there was no difference in change in NAS across the two groups over the study period. There was also no difference in resolution of NASH (NAS < 4 at end-of-study) (p=0.16). In the placebo group, 3 subjects had improved fibrosis stage and 5 worsened by one or more stages while 2 improved and 4 had worsened fibrosis in the N-3 group. No subjects developed overt signs of portal hypertension, although one subject had cirrhosis on the exit biopsy. At study end, 10 subjects showed advanced fibrosis (≥ stage 3), and 13 patients had stage 2 fibrosis, with no differences between treatment groups.
The magnitude of baseline score and age significantly influenced changes in these histological parameters. Placebo-treated subjects with lower baseline NAS scores had relative improvement in an age-related manner: subjects in the lowest 2 quartiles of age (≤37 years or 38-47 years) showed significant improvement when baseline NAS ≥ 5 (p=0.001) independent of weight loss, with the mean difference in NAS change in these age quartiles ranging from 0.64 to 1.37. However, this effect on NAS was not present in subjects with baseline NAS scores ≥ 6 or in the highest two age quartiles (≥ 54 years), and it was not observed in the N-3 treated group (Figure 1 ). In the overall cohort, N-3 did not show more histologic fat reduction by NAS scoring, but the fish oil group did show a greater fat reduction in the subgroup of subjects with baseline histologic steatosis score > 2 (p=0.009). This was mirrored in the MRI findings detailed below.
Hepatic Fat Content by Computer-Assisted Biopsy Image Analysis
N-3 treatment showed strong trends towards greater fat reduction on fat morphometry, with the p-values for subjects in the lowest two quartiles of weight loss (> 3kg and 1-3 kg of weight loss) of 0.075 and 0.091 respectively (Figure 2a, 2b) .
Radiologic
Hepatic Fat Content by MRI-Consistent with findings by computer-assisted biopsy image analysis, among subjects who either gained or had stable weight, N-3 treated subjects showed a larger difference in liver fat content by MRI than placebo treated subjects (p=0.014 for 2nd quartile and p=0.003 for 3rd quartile for change in weight in the N-3 group) (Figure 3a, 3b) . Visceral and abdominal fat loss was not significantly different between groups. Waist circumference decreased along with liver fat by biopsy image analysis and MRI in a similar fashion with a larger decrease in the fish oil group (3.2 cm mean decrease versus 0.1 cm mean increase in placebo group) which trended toward significance (p=0.084). The within-group difference in waist circumference was also significant in the fish oil group (p=0.018).
Biochemical-The magnitudes of change for ALT, total cholesterol, and LDL cholesterol effects were not significantly different between treatment groups although serum triglycerides trended toward a larger decrease in the N-3 group (p=0.084). Analyses of ALT were stratified by baseline ALT level and weight. Patients with baseline ALT ≥ 90 IU/L had significant improvement regardless of weight change or treatment assignment. Weight loss was the common significant variable for improvement in ALT in the lower quartiles of baseline ALT (1st quartile: ALT 45 IU/L, 2nd quartile: ALT 65 IU/L), with even modest weight loss of at least 1 kg resulting in statistically significant improvement in ALT. In subjects with weight loss of ≥ 5 kg, fasting serum glucose showed a significant mean difference in change between groups of 11.5 g/dl (p=0.013), with a decrease in the placebo group versus a small increase in the N-3 group.
Metabolic-Despite the difference in change in fasting blood glucose between groups, both showed similar improvements in insulin resistance indexes. There was no difference in change in HOMA-IR or QUICKI between groups, although changes within each group was closely associated with magnitude of weight loss, but the N-3 group did show a marginal but significant within-group difference in QUICKI-FFA over the study period (p=0.05). Adiponectin increased similarly in both groups and was not different.
Serum markers of inflammation and cell injury
N-3 did not have an independent effect on either the M30 or M65 compared to placebo but weight loss was associated with improvement in both groups (Figure 4a, 4b ). Among subjects with higher baseline M30 levels treated with N-3 supplements, those with concomitant weight loss had significant reduction in M30 (p=0.04), suggesting a possible synergistic effect.
Keratin-8,18 Immunohistochemistry
Keratin-8,18 staining was available in 24 subjects due to inaccessible tissue blocks and scarcity of biopsy tissue for post-hoc processing and analysis. Defining ballooning as enlarged hepatocytes with absent keratin-8,18 (keratin 'empty' cells), 17 of these 24 subjects scored ≥ 1 for ballooning by this criterion at baseline. The fibrosis stage was not significantly different in specimens without versus with empty cells (1.5 ± 0.7 versus 1.9 ± 0.9, p=0.16). However, taking M30 and M65 as the most established surrogate markers for hepatocellular injury, there were baseline differences in these parameters between subjects without versus with empty cells: M30, 726.3 ± 66 vs. 807.3 ± 136 (p=0.08) and M65, 711 ± 186 vs. 994 ± 424 (p=0.05). In 11 placebo-treated subjects with positive baseline 'empty' cells, the empty cell score declined from 1.3 ± 0.5 to 0.55 ± 0.8 (p=0.02). Among six N-3 treated subjects, this change was less apparent with a decline from 1.5 ± 0.6 to 0.83 ± 0.7 (p=0.1). However, serum M30 declined significantly only in the N-3 treated subjects with keratin-8,18-confirmed ballooning from 1081 ± 413 to 682 ± 114 (p=0.05).
Red Blood Cell (RBC) Lipid Composition
Over the study period, RBC lipid composition (N-6:N-3 ratio) decreased significantly only in N-3 treated patients from 68.8 ± 34 (cohort baseline mean) to 17.5 ± 19 in N-3 subjects compared to 53.9 ± 31 in placebo subjects (p=0.001) in unadjusted analysis.
Cardiovascular Conditioning
All subjects began and remained in the 10-20th percentile for VO2peak at the end of the study compared to age-and gender-matched normal subjects despite reported increases in mean weekly physical activity in both groups. No subjects crossed percentiles during the study despite corresponding changes in weight.
DISCUSSION
Our results demonstrate that N-3 PUFA at 3000 mg/day for one year did not lead to significant changes in overall histological activity in NASH patients (primary endpoint: ≥ 2 point reduction in NAS), despite adjusting for weight loss and other covariates. N-3 therapy was associated with reduced liver fat independent of weight loss as measured histologically by steatosis score and image morphometry and radiologically by MRI assessment. However, improvement in cell injury biomarkers (M30 and M65) did not occur uniformly with N-3 PUFA and only occurred in the setting of concomitant weight loss. N-3 administered in the setting of weight loss (even modest declines) was synergistic in decreasing liver fat compared to placebo. Fish oil had no independent effects on glucose or insulin levels, which indicates that N-3 PUFA probably affect liver fat independent of changes in insulin resistance. All subjects were severely physically deconditioned (VO2peak of 10 th -20 th percentile for age and gender) at baseline and at the close of study regardless of starting weight or change in weight and despite reported increased activity in the majority of subjects. This refractoriness to exercise suggests skeletal muscle dysfunction may be a key feature of disease pathogenesis.
A number of potential health benefits have been attributed to N-3 PUFA including reduction in cardiovascular risks, improved lipoprotein and insulin metabolism, and reduction in hepatic fat content. In this randomized, placebo controlled trial which focused on their effects in patients with NASH, we did not detect consistent beneficial effects on blood lipid composition (aside from a trend in triglyceride reduction) or insulin sensitivity at the selected dose and duration of therapy although one year of N-3 was associated with a substantial change in RBC membrane lipid composition. Because of the relatively short lifespan of RBCs compared to other tissues, one can speculate that a longer duration of therapy may have produced more evident systemic effects.
Our study has several limitations. We encountered similar problems to other studies in interobserver variation in evaluating NAS score, especially hepatocyte ballooning [23] [24] [25] [26] [32] [33] . There was reasonable agreement in overall activity score within ranges of low, intermediate or high NAS, but there were systematic scoring differences between observers in evaluating individual parameters, with cellular ballooning being especially problematic. To address this issue further, we reanalyzed our data using blinded reading of K-8,18 stained specimens to address ballooning [20] . This showed that baseline M30 and M65 levels were significantly higher in subjects with ballooning by this more stringent criterion, and N-3 therapy appeared to be associated with larger improvements in M30 and M65 in this subgroup with more strictly defined ballooning.
In addition, our study was mildly underpowered, given the desired sample size of 18 subjects per group. We had a significant number of screen failures in the proscribed enrollment period, and patient drop-out was greater than expected, leaving a lower-thandesired number of evaluable patients estimated to be necessary to detect a between-group difference in the primary outcome, which may have led to type II error. Travel expenses in our rural setting and budgetary constraints for travel support contributed to this limitation.
Despite performing analysis with baseline covariate adjustment and accounting for the confounders of weight loss and physical activity, we may have not controlled for all confounding factors. Several of our conclusions are based on subgroup analyses for which the study was not specifically powered; clearly, these post-hoc findings should be interpreted with caution. Additionally, it is unclear whether our selected dose of N-3 fish oil (3 g daily) or duration of therapy was optimal. Finally, we had a large number of subjects with advanced fibrosis (56% of subjects had stage 2 or greater and 29% had stage 3 at baseline), and despite accurate allocation and randomization, more patients with high fibrosis were enrolled in the N-3 vs. placebo groups (12 vs. 7 subjects with stage 2 or more, 6 vs. 4 subjects with stage 3), and this may have altered the treatment response.
We did observe consistent effects on liver fat content. N-3 has been postulated to affect steatosis by several different pathways. With reduction in plasma triglycerides, delivery of fatty acids to the liver may be reduced. PUFA also favorably alters hepatic fat synthetic pathway transcription factors such as PPAR-alpha and SREBP-1 [34, 35] . Dietary PUFA also alters inflammatory cell membranes and prostaglandin metabolism: increased intake of N-3 is associated with decreased arachidonic acid production related to cell membrane phospholipid composition [36] . It seems likely that these potential mechanisms are affected by interactions between hepatic, muscle and peripheral fat stores, membrane lipid composition and insulin sensitivity [9, 37] . Our results support that N-3 fats reduce liver fat by a mechanism other than modulating insulin sensitivity, as liver fat content decreased in the N-3 group despite no significant change in insulin sensitivity while the placebo group had tangible improvements in insulin resistance without appreciable changes in liver or visceral fat on MRI. A recent placebo-controlled trial of N-3 PUFA agent containing solely eicosapentaenoic acid (EPA) did not demonstrate a significant difference in EPA-versus placebo-treated patients with regards to overall NAS score, steatosis, inflammation, ballooning, or fibrosis, or to several serum parameters aside from mildly lower serum triglyceride levels [38] . One reason our study may have shown different results is that the docosahexanoic acid (DHA) component contained in our preparation is important, either alone or synergistically with EPA, in the efficacy of N-3 in lowering liver fat; however, further studies are needed to test this hypothesis. Another possibility for the differences is that we measured liver fat by several different means -MRI imaging and histologically with conventional methods and with computer-assisted image morphometry -and this may have improved our sensitivity to detect changes in liver fat. The disconnect between liver fat reduction and lack of histological improvement in steatohepatitis raises the question of whether liver fat is a sufficient target in NASH trials.
In summary, our results show that N-3 PUFA does not have substantial effects on NASH histological activity with 1 year of therapy, although our findings do show that N-3 PUFA causes a decrease in hepatic fat content and changes in RBC lipid composition, which were independent of dietary weight loss, insulin sensitivity, and changes in physical conditioning. Whether or not longer term treatment or higher dose of N-3 would show different results is speculative and uncertain; however, therapeutic trials of NASH evaluating other future agents should consider the possible confounding effect of N-3 intake given our findings.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Overall, there was no difference in change in NAS across the two groups over the study period. There was also no difference in resolution of NASH (NAS < 4 at end-of-study). However, the magnitude of baseline score and age significantly influenced changes in these histological parameters. 95% confidence intervals for the ratio of M30 ECL geometric means (post-intervention:preintervention), evaluated at the 1st, 2nd, and 3rd quartiles of the pre-intervention M30-ECL and Δ body weight distributions. This figure demonstrates the consistent effects of weight loss on M30 and that N-3 intervention resulted in greater positive impact (decrease in Post:Pre M30 ratio on y-axis) at higher baseline M30 levels, which has been linked to increased baseline necroapoptosis. Values are shown as mean (SD).
